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It is a fundamental challenge in quantum optics to deterministically generate 
indistinguishable single photons through non-deterministic nonlinear optical processes, due 
to the intrinsic coupling of single- and multi-photon generation probabilities in these 
processes. Actively multiplexing photons generated in many temporal modes can decouple 
these probabilities, but key issues are to minimize resource requirements to allow scalability, 
and to ensure indistinguishability of the generated photons. We demonstrate the 
multiplexing of photons from four temporal modes solely using fiber-integrated optics and 
off-the-shelf electronic circuits. We show a 100% enhancement to the single photon output 
probability without introducing additional multi-photon noise. Photon indistinguishability 
is confirmed by a four-fold Hong-Ou-Mandel quantum interference with a 91% visibility. 
Our demonstration paves the way for scalable multiplexing of many non-deterministic 
photon sources to a single near-deterministic source, which will be of benefit to future 
quantum photonic technologies. 
Single particles of light — photons — are a vital resource for the implementation of quantum-
enhanced technologies such as optical quantum computing [1] and simulation [2]. To make such 
technologies practical requires ideal single photon sources, which can emit single photons on-
demand, and indistinguishable in all relevant degrees of freedom—central frequency, bandwidth, 
spatial mode and polarization [3, 4]. Despite recent progress on relaxing these requirements [5, 6], 
sources that meet the required thresholds do not yet exist. Two strategies have been proposed to 
develop the desired photon sources [7]. One is to use “single-emitter” quantum systems [8-11] 
such as quantum dots or color centers in diamond. These systems typically emit single photons 
nearly on-demand [12], but producing highly indistinguishable photons from distinct emitters 
remains challenging due to the difficulty of fabricating identical emitters at nanoscale [13,14]. The 
alternative approach is to generate correlated photon pairs via spontaneous nonlinear optical 
processes, such as parametric down conversion or four-wave mixing in suitable crystals or 
waveguides, where the detection of one photon in a pair “heralds” the existence of its partner [15-
17]. However the photon pair generation events are unpredictable (being associated with vacuum 
fluctuations) and contain contributions from multi-pair events. Indeed the probabilities of single- 
(P1) and multi-pair (P>1) events are both related to the mean number of pairs created per pump 
pulse µ. They both increase with µ, and P>1 increases more rapidly (to leading order it grows 
quadratically rather than linearly). Therefore these sources are usually operated in the 𝜇 ≪ 1 (and 
thus P1 ≪ 1) regime to minimize the multi-photon noise. Unfortunately, most useful quantum 
protocols require many simultaneous single photon inputs in different modes, and as the success 
rate falls as (P1)
n for n input modes, operation quickly becomes impractical [4, 5]. This has limited 
the world record for quantum photonic demonstration to the eight-photon level [18]. 
 
Fig. 1. The principle of active temporal multiplexing. A nonlinear device is pumped by pulses 
separated in time by period T, each generating correlated photon pairs randomly. The two photos 
from each pair are spatially separated by frequency (color) and the heralding photons (red) are 
detected, indicating the existence of the heralded photons (blue). Depending on in which time bin 
a pair is generated, an appropriate delay is applied to the heralded photon so that it always appears 
in time bin t1 with a nominal period NT (N=4 in this work). 
A promising solution is to actively multiplex non-deterministic photons in different spatial 
or temporal modes to enhance the probability of single-photon output [19-22]. Spatial multiplexing 
has been implemented in a few architectures [23-25] but scaling quickly becomes infeasible as the 
number of photon sources and heralding detectors increases rapidly with the number of modes to 
be multiplexed [25, 26]. Temporal multiplexing, proposed in [20-22], reuses the same detectors 
and photon generation components, and thus is significantly more resource efficient and scalable. 
The scheme in [22] requires an electronic circuit to extract timing information from the heralding 
photons, which is subsequently used to control a switching network that actively routes the 
heralded photons into a pre-defined temporal mode (Fig. 1). The challenges associated with this 
technique include: (I) precisely synchronizing the photons’ path lengths, (II) managing their arrival 
time to the accuracy of several picoseconds, and (III) controlling their polarization to maintain the 
photons’ indistinguishability; and (IV) the need for ultra-low-loss optical components so that the 
desired enhancement can be achieved. The scope of this work is to experimentally overcome all 
of these challenges using all-fiber integrated low-loss optical components and off-the-shelf fast 
electronic circuits, and to reveal the potential of this scheme for deterministic indistinguishable 
single photon generation.  We aim to show a substantial increase in the heralded single photon 
output probability at a given clock cycle with no concomitant increase in the multi-pair 
contamination. 
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The principle of our demonstration is illustrated in Fig. 1. Compared to pump pulses at 
period 4T, pump pulses at period T are approximately four times as likely to generate a pair in the 
given time frame of 4T if the individual pulse energy is the same. However, the random nature of 
the generation process within each time bin remains the same. The situation changes after the 
heralded photons are actively delayed to time bin t1: if the switching network has sufficiently low 
losses, the heralded single photon output probability at the 4T clock period will be increased. 
 
Fig. 2. Experimental setup of four temporal mode multiplexing. Pulses from a mode-locked 
picosecond fiber laser were split to four copies using fiber couplers and tunable delay lines, and 
pumped a silicon nanowire for spontaneous four-wave mixing. The 0, 25, 50 and 75 ns delays are 
all relative to the uppermost optical path. After pump blocking, frequency selection, and spatial 
separation of the two photons of each pair, the heralding signals were analyzed by a FPGA and the 
heralded photons were buffered using a long fiber delay to wait for the electronic decisions. The 
loss of the 200 m long buffer fiber was less than 0.1 dB. The FPGA configures the switching 
network to route the heralded photons into a single spatial-temporal mode. Logic ‘0’ means the 
photon remains in the input (“bar”) channel; a ‘1’ means the photon is routed to the cross channel. 
To implement the scheme shown in Fig. 1, we designed an experiment as shown in Fig. 2 
(see Fig. S1 for the full setup). A mode-locked fiber laser with a repetition rate of 10 MHz (100 ns 
period) produces 10 ps pulses at 1550 nm. Each pulse was split into four pulses spaced by 25 ns 
using two 1-to-4 fiber couplers and three tunable optical fiber delay lines. The four pulses then 
propagated along a 3 mm long nonlinear silicon nanowire, probabilistically generating correlated 
photon pairs via spontaneous four-wave mixing in the four time bins [27]. Due to energy 
conservation and phase matching, photon pairs were generated at frequencies symmetrically 
around the pump over a 6 THz bandwidth [28]. An arrayed waveguide grating (AWG, 100 GHz 
channel spacing and 50 GHz channel bandwidth) was used to select the photon pairs generated at 
1545 and 1555 nm, block the pump, and spatially separate the two photons of each pair. The 
1555 nm photons were detected by a fast and low-noise niobium nitride superconducting single 
photon detector (SSPD) as heralding signals. These signals contained the timing information of 
the 1545 nm photons and were sent to a field-programmable gate array (FPGA) for analysis. 
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A phase-locked loop in the FPGA was used to lock to and multiply the laser’s original 
10 MHz clock to a 40 MHz clock. A finite state machine operating on the 40 MHz clock generated 
4 non-overlapping clocks at 4 phases relative to the 10 MHz clock. A heralding photon detection 
signal from the SSPD was ANDed with each clock phase and an appropriate three binary-digit 
output latched. The output was connected to the switching network so that the 1545 nm photons 
were routed into the appropriate sequence of delay lines. All of these operations require the careful 
alignment of the clock with the optical pulses that contain the generated photons. This was done 
by optimizing the counts in a series of coincidence measurements, adjusting the tunable optical 
delay lines and tunable digital delays [28]. 
To receive any benefit from a four temporal mode multiplexing setup, the switching 
network must have a total loss below the four times (i.e. 6 dB) maximum expected enhancement. 
We used optical ceramic switches, made from ultra-low loss lead lanthanum zirconium titanate 
[25]. These switches were fiber pigtailed and spliced with the fiber delay lines to minimize the loss 
of each path to 2.8 dB on average. The setup described so far ensures indistinguishability in the 
spectral and temporal degrees of freedom [27], but we also require indistinguishability in 
polarization. In Fig. 2, the heralded photons from different time bins have the same polarization 
before they enter the switching network. However they experience different optical paths to obtain 
the correct delays, and to minimize losses these components are not polarization maintaining. This 
was addressed using two polarization controllers (PCs) applied to the two optical delay lines [27]. 
The additional loss introduced by each PC was about 0.1 dB.  
The key to verifying our design is to compare the heralded single photon output probability 
per 100 ns clock period (i.e. the original 10 MHz clock) at the same multi-photon noise level for 
sources with and without the multiplexing switching network. These two quantities were 
characterized by coincidence-to-accidental ratio (CAR) measurements [29]. When a pair of 
photons generated in the same pump pulse are detected and the detection signals sent to a time 
interval analyzer (TIA), a coincidence is recorded. When photons generated from different pulses 
are detected, the coincidence represents an accidental coincidence. All of these coincidences (C) 
and accidentals (A) are recorded as a histogram by the TIA [27, 29], and CAR=C/A. The measured 
CAR as a function of the coincidence rate without multiplexing (NO MUX, i.e. pumping at 
10 MHz) is plotted in Fig. 3A, indicated by diamonds. The CAR decreases with the increased 
coincidence rate due to multi-pair noise and this is a typical feature of such measurements [25, 28, 
29]. For comparison, we performed measurements at the same pump peak powers for the 
multiplexed source (MUX, i.e. pumping at 40 MHz and adding the switching network to the setup). 
The results are plotted as triangles in Fig. 3A. The CAR still decreases with the increased 
coincidence rate because the original NO MUX sources have this feature. However when 
compared with the NO MUX source, at the same CAR, i.e. the same multi-pair noise level, the 
coincidence rates are nearly doubled. As simply doubling the pump laser repetition rate can lead 
to similar results in Fig. 3A [28], we choose to express the improvement as an enhancement factor 
of MUX/NOMUX heralded single photon output probability per 100 ns clock period at the same 
CAR level. Taking into account the losses of waveguide-fiber coupling, spectral filters and the 
efficiency of detectors, we estimate the mean number of pairs per 100 ns clock period from the 
measured coincidence rate at each CAR level, and then infer the heralded single photon output 
probabilities using a thermal distribution function for both NO MUX and MUX sources [27]. The 
enhancement factor at each CAR level is plotted in Fig. 3B as circles, showing that our four 
temporal-mode multiplexing nearly enhances the heralded single photon output probability by 
100% (i.e. 3 dB). Using the single count rate from the heralding detector, we infer the ideal 
enhancement to be approximately 4 times (i.e. 6 dB). The practical enhancement is less than the 
ideal due to the 3 dB loss of the switching network. 
 
Fig. 3. Comparison between sources with and without multiplexing. (A) CAR as a function of 
coincidence rates. Poisson error bars are used for the plots. Dashed lines are analytic plots using 
the model in [25]. (B) The inferred ideal lossless and practical enhancement factors to the heralded 
single photon output probability at each CAR level. 
 For the multiplexed source to be useful, the multiplexed heralded photons must be 
indistinguishable. This was tested by Hong-Ou-Mandel (HOM) quantum interference [30]. We 
built another heralded single photon source based on a second 3 mm long silicon nanowire pumped 
by the same 10 MHz laser, but without multiplexing (Fig. S1). The photons from this second 
source were guaranteed to be in a defined spatial-temporal state, i.e., in an identical polarization 
state and at the accurate 100 ns clock cycle of the laser, and so they provided a reference to check 
if the multiplexed photons were indistinguishable. We firstly performed a two-fold interference 
measurement to find the appropriate delay between photons from the two sources [31]. In this 
measurement, the pump powers were set at a level of CAR=18 for both. The two-fold dip shows 
a raw visibility of 24% (diamonds in Fig. 4A).  Then we took the four-fold HOM interference 
measurement, but at higher pump powers for both sources in order to have sufficient coincidence 
counts while maintaining a reasonable measurement time with our low-efficiency detectors. We 
observed a four-fold HOM dip with raw visibility of 69% (squares in Fig. 4A), indicating that non-
classical interference occurred between the multiplexed photons and the photons from the second 
source. To check that the residual photon distinguishability is not because of multiplexing but due 
to multi-photon noise at high pump powers, we measured the detector dark count and multi-photon 
contribution from each source [27, 32]. Using these data we corrected the raw data, which yielded 
a visibility of 91% (Fig. 4B), clearly showing that the multiplexed photons are highly 
indistinguishable. The error bars are large mainly due to the low count rates resulting from the low 
detection efficiency. 
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 Fig. 4. Indistinguishability measurement of the multiplexed photons. (A) Raw visibility of two-
fold (diamonds, left axis) and four-fold (squares, right axis) measurements. (B) Four-fold HOM 
dip visibility after subtracting multi-photon noise. Poisson error bars are used for the plots. Solid 
lines are Gaussian fits according to the spectral filtering shape in the experiment. 
 Bringing non-deterministic nonlinear photon sources into the deterministic regime is a 
multi-faceted task, mainly involving breaking the intrinsic statistical limit, improving spectral 
filtering losses and improving single photon detector efficiencies. We have demonstrated a 
resource efficient and thus scalable scheme that can largely decouple the probabilities of single 
and multi-photons and therefore overcome a fundamental statistical challenge. Every additional 
switch added to the switching network shown in Fig. 2 will double the number of temporal modes 
to be multiplexed, providing approximately 2 dB additional gain to the heralded single photon 
output probability (ideal 3 dB gain subtracting the 1 dB loss from the switch). Using low-loss 
optical fiber integrated components in the switching network makes it possible to scale this up. 
Together with the development of low-loss filters and high-efficiency detectors, this will 
ultimately provide a solution for photon sources required for optical quantum computing and 
simulation. 
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Materials and Methods 
Full setup and explanation of coincidence measurements 
The full setup of our experiments is illustrated in Fig. S1. The top half of the diagram, 
excluding the 50:50 coupler before the two avalanche photo diode single photon detectors (ID210, 
Id-Quantique), is for the CAR measurements of the source with four-fold temporal-mode 
multiplexing (MUX). When doing the measurements for the source without MUX, we connected 
only one of the four channels of the 1-to-4 fiber couplers (FCs), and removed the switching 
network. This arrangement allowed the least change to the experimental conditions for the MUX 
and NO MUX measurements, and thus guaranteed a fair comparison between them. Because the 
losses of the four channels of the FCs were slightly different, we used one polarization controller 
(PC) in each channel and an inline polarizer immediately after the FCs to ensure the pulses in the 
four temporal modes after the inline polarizer had the same intensity. A fast optical sampling 
oscilloscope was used to monitor the pulse intensities. The CAR measurements for pumping at the 
10 MHz clock of only t1, t2, t3 or t4 (Fig. 1) indicate that all four NO MUX sources have the same 
performance, as shown by diamonds in Fig. 3A. 
 
 
Fig. S1. 
The full setup of the experiments. Solid and dashed lines represent optical fibers and electronic 
cables, respectively. MLL: mode-locked laser, OTDL: optical tunable delay line, ODL: optical 
delay line, PC: polarization controller, ATT: attenuator, OSC: oscilloscope, AWG: arrayed 
waveguide grating, PM: power meter, SSPD: superconducting single photon detector, DG: delay 
generator, FPGA: field-programmable gate array, SW: switch, BPF: bandpass filter, APD: 
avalanche photon diode, TIA: time interval analyzer. 
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The bottom half of Fig. S1 is a second heralded single photon source based on a silicon 
nanowire (28) with the same specification to that used in the MUX experiments. This source was 
pumped at the laser’s 10 MHz clock, and provided a reference for the indistinguishability test of 
the multiplexed photons via the four-fold HOM quantum interference (31). 
When we performed the CAR measurements for the NO MUX and MUX photon sources, we 
took the 50:50 coupler out of the setup and connected the heralded photon output directly to one 
ID210 detector. In both cases, the heralded photon events detected by an ID210 triggered by the 
10 MHz laser clock were used as the ‘start’, and the heralding photon events detected by a SSPD 
were used as the ‘stop’ for the TIA to construct the histograms: coincidences vs time delay between 
‘start’ and ‘stop’. This ‘start’ and ‘stop’ arrangement is different from the standard way of using 
heralding signals as the ‘start’ and heralded as the ‘stop’ just for our experimental convenience to 
adjust the delays, and it does not change the physics. A suitable electronic delay was applied to 
the heralding detection signals so that the delay in the histogram was always within the 0–250 ns 
time window. 
 
 
Fig. S2 
Typical histograms for CAR measurements. (A) NO MUX: one coincidence peak. (B) MUX: 
four coincidence peaks represent photons from four time bins shown in Fig. 1 and two accidental 
peaks (two nearly disappear because of switching). 
 
Figure S2 shows typical histograms for the NO MUX and MUX sources in the CAR 
measurements (28). For the NO MUX source, we sum up all counts in the coincidence peak and 
the accidental peak closest to the coincidence peak as the coincidences and accidentals, 
respectively. The time interval between the peaks is the pump laser period. The ratio between them 
gives the CAR. For the MUX source, depending on in which time bin the heralded photons are 
generated, they experience different optical delays to be multiplexed to the 10 MHz clock; 
however the heralding photons are still on the 40 MHz clock, so there are four coincidence peaks 
(the signature of successful multiplexing). These peaks look slightly different from one another 
because photons generated in different time bins experience slightly different losses when 
propagating through different optical paths. Each coincidence peak should have their 
corresponding accidental peak. Two accidental peaks nearly disappear because the photons that 
are generated in time bins t2 and t4 require logic ‘1’ be applied to switch1 (Fig. 2). This switching 
operation on switch1 only allows heralded photons to arrive at the detector when there are 
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heralding events, and therefore switches away all other events that may give rise to coincidences 
in the accidental peak. To calculate the CAR for the MUX source, we sum up the counts in all four 
coincidence peaks as the coincidences; and multiply the overall counts in the two visible accidental 
peaks by two as the accidentals. This process is considered to be fair because: first, the sources 
pumped by each individual temporal mode have been tested to have the same performance; second, 
corresponding to the loss differences between the different paths, the accidentals for t3 should be 
higher than those for t2, while the accidentals for t1 should be lower than those for t4, and the total 
accidentals for t3 and t1 can approximately represent those for t2 and t4.  
 
Clock, optical delay, and switching network loss management 
To make this temporal multiplexing experiment successful, we had to synchronize: (I) the 
40 MHz clock of the FPGA and the heralding event so that the FPGA could find out which time 
bin the heralding photons were generated; (II) the switching electronic signals from the FPGA and 
the heralded photons arriving at the switches so that proper delays could be applied to the photons; 
and (III) the relative optical delays in the four channels of the FCs and in the switching network. 
For synchronization (I), we used a digital delay generator (DG1 in Fig. S1) between the SSPD 
heralding detection signal output and the FPGA. By doing an ADD operation between the 
heralding detection signals and the FPGA clock, and comparing the FPGA output count rate with 
that on the SSPD software, we could find the correct delay using DG1. Once this was done, we 
could proceed to synchronization (II). 
To simplify synchronization (II), we configured the FPGA such that according to a heralding 
event, the three binary-digit output was latched until the next heralding event occurred. For 
example, if a photon pair was generated in time bin t1, ‘000’ was applied to the switches until the 
next pair was generated. If the next pair was generated in time bin t4, the output of the FPGA would 
change to ‘110’ (Fig. 2). In this way we only need to synchronize the switching signals that control 
switch1 with the incoming photons, because once photons pass through switch1, they are routed 
directly through switch2 and switch3 that are always under the correct logic control. 
Because the relative delay between heralding and heralded events was the same no matter in 
which time bin the photon pairs were generated, we only need to do synchronization for one pump 
temporal mode. As the initial input status to the switches was ‘0’, we had to choose the pump on 
the clock of either t2 or t4 for synchronization because only these two pump modes required a logic 
‘1’ input to switch1 and were possible for delay alignment. In the setup shown in Fig. S1, we only 
connected the channel of FCs with 25 ns optical delays (i.e. t2) and applied a constant output ‘101’ 
from the FPGA to the switches to take a coincidence measurement as the reference. Then we added 
a digital delay generator (DG2 in Fig. S1) between the logic output pin1 of the FPGA and switch1. 
We could continuously tune the delay of the switching signals to switch1 via DG2 and measure 
the coincidences. By trial and error, the correct delay was found when the measured coincidences 
matched with the reference measurement. This delay was then double confirmed by coincidence 
measurements for the other three temporal pump modes. 
For synchronization (III), we manually cut optical fibers with the lengths providing delays of 
approximately 25 ns and 50 ns and spliced the fibers in paths (c) and (d) of the switching network; 
and then used off-the-shelf fiber-integrated optical tunable delay lines (OTDL) with a tuning step 
of 1 ps in three channels of the FCs for multiplexing the pump to match the delays in the switching 
network. Compared with directly using OTDL in the switching network, this arrangement 
minimized the losses of the multiplexed heralded photons. 
 
Polarization management 
Due to the use of non-polarization maintaining components in the switching network, photons 
with the same polarization at the input generally will have different polarization at the output if 
they go through different optical paths. Depending on in which time bin the heralded photons are 
generated, they go through the combination of optical paths, t1: (a)+(b), t2: (c)+(b), t3: (a)+(d), and 
t4: (c)+(d). We found that adding one PC in each of (c) and (d) was sufficient to maintain the 
polarization of the photons. For example, the photons from t1 and t2 share the path (b), the PC in 
(c) can always adjust the polarization of photons to be the same to those in (a). Then (c) becomes 
equal to (a) in terms of polarization. The same rule applies to (d) and (b) and thus photons from 
all time bins will have the same polarization at the output of the switching network. 
 
Inferring heralded single photon output probability from coincidences 
Because we did not use photon number resolving detectors, we cannot measure the heralded 
single photon output probability directly, but we can infer it from the coincidences measured by 
threshold detectors. As shown in Fig. S1, both the generated photons and the pump were filtered 
using AWGs with the same channel bandwidth of 50 GHz. This arrangement makes it appropriate 
to use the thermal distribution to describe the photon generation statistics (29). Using the measured 
coincidences, we calculate the mean number of generated pairs per 100 ns clock period µ, by 
taking into account the total losses in the heralding and heralded photon arms. Using P1=µ/(1+µ)
2 
we infer the heralded single photon generation probability per 100 ns clock period. Using P1η with 
η being the overall photon pair collection efficiency, we calculate the heralded single photon output 
probability for the plots in Fig. 3B. 
 
Four-fold HOM interference measurements 
The delay management procedure described in a previous section “Clock, optical delay, and 
switching network loss management” aligns the photon arrival time to an accuracy of 1 ns, which 
is determined by the time resolution of the coincidence measurement system. The four-fold HOM 
interference requires the delay alignment at the accuracy of photons’ coherence time which is of 
the order of the pump pulse width 10 ps. The measurements were taken in the following steps. 
First, we connected only the channel of the 1-to-4 FCs without optical delay lines as the pump of 
the MUX source so that photons were always generated in time bin t1. By varying the delay of 
OTDL4 in the second source, we adjusted the fine delay via two-fold HOM interference and fixed 
the delay on OTDL4. Second, we connected in turn only the channel of the 1-to-4 FCs with 
OTDL1, OTDL2, or OTDL3, to determine and fix the fine delays for them via two-fold 
measurements. Third, we connected all four channels of the 1-to-4 FCs to obtain the fully 
multiplexed source and took the two-fold and four-fold HOM interference measurements by 
varying the fine delay on OTDL4. 
As the pump powers for the four-fold HOM interference measurement were relatively high, 
we attribute the 69% visibility predominantly to multi-pair noise. To obtain this noise information, 
we performed four-fold coincidence measurements at the same fine delays set in the raw 
measurements by disconnecting input to the 50:50 coupler from the MUX and second photon 
sources, respectively (32). Because subtracting these four-fold counts from the raw four-fold 
counts would subtract the noise due to detector dark count twice, we also measured the four-fold 
coincidences by disconnecting both sources from the 50:50 coupler, and added these dark count 
induced four-fold counts back to get the net four-fold coincidences. To understand this process, 
we give an example: we obtained a raw four-fold coincidence count Craw at a particular delay δt. 
We measured the multi-pair noise contribution to Craw from two sources at delay δt to be Cn1 and 
Cn2, and the detector dark count contribution to Craw at delay δt to be Cd. The corrected net four-
fold coincidence is then Craw – Cn1 – Cn2 + Cd. We did this correction for all delays shown in Fig. 
4A and obtained the data for Fig. 4B. This multi-pair noise subtraction yields a 91% visibility. 
